To better understand the roles of Sm proteins in forming the cores of many RNA-processing ribonucleoproteins, we determined the crystal structure of an atypical Sm-like archaeal protein (SmAP3) in which the conserved Sm domain is augmented by a previously uncharacterized, mixed ␣͞␤ C-terminal domain. The structure reveals an unexpected SmAP3 14-mer that is perforated by a cylindrical pore and is bound to 14 cadmium (Cd 2؉ ) ions. Individual heptamers adopt either ''apical'' or ''equatorial'' conformations that chelate Cd 2؉ differently. SmAP3 forms supraheptameric oligomers (SmAP3) n ‫؍‬ 7,14,28 in solution, and assembly of the asymmetric 14-mer is modulated by differential divalent cation-binding in apical and equatorial subunits. Phylogenetic and sequence analyses substantiate SmAP3s as a unique subset of SmAPs. These results distinguish SmAP3s from other Sm proteins and provide a model for the structure and properties of Sm proteins >100 residues in length, e.g., several human Sm proteins. S m proteins are key components of the ribonucleoprotein (RNP) assemblies that are required for high-fidelity cellular RNA processing, including rRNA and tRNA processing, mRNA decapping and decay, and intron splicing in pre-mRNA (1). Although the primary functions of Sm⅐⅐⅐RNA interactions in many RNPs are unclear, the importance of Sm proteins is illustrated by their roles in forming the cores of the uridine-rich small nuclear RNPs (U snRNPs) that further assemble into a large, transiently stable spliceosome that catalyzes the final step of eukaryotic pre-mRNA processing (intron excision͞exon ligation; ref. 2). Each spliceosomal snRNP consists of a unique snRNA and up to dozens of snRNPspecific proteins (3). The only subset of proteins common to different snRNPs is the archetypal Sm heteroheptamer (e.g., human Sm D1⅐D2⅐F⅐E⅐G⅐D3⅐B͞BЈ; ref. 4), which assembles snRNP cores by binding to uridine-rich, single-stranded regions of snRNA via discrete intermediates (e.g., D3⅐B, D1⅐D2, and E⅐F⅐G heteromers; ref. 5). Sm proteins also may function as nuclear localization signals and in hypermethylation of snRNA caps (6). Functional complexes of RNA and homologous Sm protein septets, such as the Sm-like (Lsm) 1 3 7 and Lsm 2 3 8 paralogs of yeast, are thought to assemble in a similar manner as canonical Sm proteins (7).
S
m proteins are key components of the ribonucleoprotein (RNP) assemblies that are required for high-fidelity cellular RNA processing, including rRNA and tRNA processing, mRNA decapping and decay, and intron splicing in pre-mRNA (1) . Although the primary functions of Sm⅐⅐⅐RNA interactions in many RNPs are unclear, the importance of Sm proteins is illustrated by their roles in forming the cores of the uridine-rich small nuclear RNPs (U snRNPs) that further assemble into a large, transiently stable spliceosome that catalyzes the final step of eukaryotic pre-mRNA processing (intron excision͞exon ligation; ref. 2) . Each spliceosomal snRNP consists of a unique snRNA and up to dozens of snRNPspecific proteins (3) . The only subset of proteins common to different snRNPs is the archetypal Sm heteroheptamer (e.g., human Sm D1⅐D2⅐F⅐E⅐G⅐D3⅐B͞BЈ; ref. 4) , which assembles snRNP cores by binding to uridine-rich, single-stranded regions of snRNA via discrete intermediates (e.g., D3⅐B, D1⅐D2, and E⅐F⅐G heteromers; ref. 5) . Sm proteins also may function as nuclear localization signals and in hypermethylation of snRNA caps (6) . Functional complexes of RNA and homologous Sm protein septets, such as the Sm-like (Lsm) 1 3 7 and Lsm 2 3 8 paralogs of yeast, are thought to assemble in a similar manner as canonical Sm proteins (7) .
The Sm domain is highly conserved across many species, and its widespread phylogenetic distribution suggests its importance in the early evolution of RNA metabolism. Homologs of snRNP core Sm proteins occur in eukaryotes ranging from yeast to human. The existence of Sm-like archaeal proteins (SmAPs) implies an ancient origin of Sm proteins (8) (9) (10) . Most recently, the Escherichia coli Hfq protein (a host factor required for bacteriophage replication) and its orthologs were shown to be Sm-like proteins in several eubacterial lineages (11) , thus expanding the scope of possible Sm-like functions to include nonsplicing roles (12) . Organisms may contain from Ϸ1-3 Sm-like proteins (as in archaea) to multiple sets of seven Sm and Lsm proteins (as in humans).
Crystal structures of Sm, Lsm, and SmAP domains reveal a highly conserved fold, capable of forming a variety of cyclic quaternary structures. Sm proteins exhibit a strong tendency to assemble into circular heptamers (13) , and cryo-electron microscopic reconstructions confirm the ring-shaped Sm core of the U1 snRNP (14) . However, Sm proteins are not restricted to heptamers: the eubacterial Lsm protein Hfq forms a cyclic homohexamer, and Archaeoglobus fulgidus (Afu) SmAP2 may form cyclic hexamers (15) and heptamers (16) . The structures of two human Sm heterodimers (17) , the Hfq protein (18) , and several homoheptameric SmAPs ( Fig. 1, boldface; refs. 8-10 and 15) show that Sm monomers fold as a highly bent, five-stranded antiparallel ␤-sheet capped by an N-terminal ␣-helix, and form oligomers that surround a conserved cationic pore. The inner surface of this pore seems to be the oligouridine-binding site (9, 18, 19) . We now report the crystal structure and metaldependent assembly properties of an unexpected SmAP3 14-mer from the hyperthermophilic crenarchaeote Pyrobaculum aerophilum (Pae).
Methods
Protein Preparation and Crystallization. Recombinant Pae SmAP3 (14.6 kDa) containing a protease-sensitive C-terminal His 6 -tag was produced by standard PCR cloning and overexpression methods in E. coli, and was purified by heat treatment of cell lysate, Ni 2ϩ -affinity chromatography, tryptic removal of the tag, and cation exchange chromatography. SeMet-substituted SmAP3 was prepared by overexpression in M9 minimal media containing SeMet (20) . Diffraction-quality crystals of SeMet-Pae SmAP3 (Ϸ85 mg͞ ml) were grown by vapor diffusion only after addition of 20 mM uridine-5Ј-monophosphate (UMP) and 10 mM CdCl 2 to hanging drops (see text; ref. 21) , and a monoclinic crystal (P2 1 ; a ϭ 83.32 Å, b ϭ 172.43 Å, c ϭ 148.11 Å, ␤ ϭ 89.99°) was used to determine the structure reported here by multiwavelength anomalous dispersion (MAD) phasing. Evaluation of noncrystallographic symmetry (NCS) via native Patterson and self-rotation functions, along with crystal packing considerations, revealed an asymmetric unit (a.u.) composed of 28 monomers (V M ϭ 2.60 Å 3 ͞Da), arranged as two asymmetric 14-mers that are related by a pseudo 2-fold rotational symmetry axis.
Fortuitously, autobuilt residues were distributed randomly across the structure, so the NCS that relates the 28 monomers was taken advantage of to build a relatively complete composite model for the Sm domain of SmAP3. C-terminal domains (CTDs) in either apical or equatorial conformations were manually built into the improved maps. No NCS restraints were applied during refinement of the final 28-mer in CNS (26) Number of SmAP3 residues built, out of 128 residues͞monomer ϫ 28 monomers ϭ 3,584 expected residues. **R cryst ϭ ͚hkl ʈFobs͉ Ϫ ͉Fcalcʈ͚͞hkl ͉Fobs͉. Rfree was computed identically, except that 4.6% of the reflections were omitted as a test set.
programs such as ERRAT (27) , and contains 3,566 of 3,584 residues in the SmAP3 28-mer. Several heteroatoms and solvent molecules also were observed ( ALIGN) were optimally aligned by combinatorial extension (30) . Ensemble structural analyses of SmAP3 monomers were performed via error-scaled difference distance matrices in the program ESCET (31) . GRASP (32) and CNS (26) were used for electrostatic and surface area calculations, respectively.
Analytical Ultracentrifugation. Sedimentation velocity runs were used to examine SeMet-Pae SmAP3 (1.35 mg͞ml) in 10 mM Tris⅐Cl pH 7.81, 150 mM NaCl, supplemented with either (i) no divalent metal, (ii) 10 mM CdCl 2 , or (iii) 0.01, 0.10, 1.0, 3.0, 10, and 20 mM ZnCl 2 . Experiments were performed in a Beckman Optima XL-A analytical ultracentrifuge at 50,000 rpm and 20°C by using absorption optics at 280 nm and a 12-mm pathlength double sector cell. Sedimentation coefficients were determined from g(s) distribution plots by using the Beckman ORIGIN-based software (version 3.01). The peak sedimentation coefficient was corrected for density and viscosity to an S 20,wat value by using a value for the partial specific volume at 20°C of 0.743 (calculated from the amino acid composition and corrected to 20°C). Values were linearly scaled to a maximum g(S 20,wat ) ϭ 1.0 for illustrative purposes (see Fig. 3d ).
Coordinates. Final model coordinates and diffraction intensity data have been submitted to the Protein Data Bank (PDB ID code 1M5Q).
Results
Structure of the SmAP3 14-mer. The Pae SmAP3 crystal structure reveals that SmAP3 forms homoheptamers that adopt one of two conformations (apical or equatorial) and assemble into 14-mers with a 1:1 stoichiometry. After using sequence analysis to identify the SmAP3 open reading frame as a potentially novel, extended Sm-like protein from Pae ( Fig. 1) , the structure of a SeMetsubstituted version of Pae SmAP3 was determined by MAD phasing, and refined to 2.0-Å resolution ( Table 1 ). The final model contains 28 SmAP3 monomers per a.u. and several types of solvent molecules and heteroatoms, including 28 Cd 2ϩ ions (Fig. 2a) . The 28 SmAP3 monomers are arranged as distinct 14-mers that scarcely contact one another and that are related by pseudo 2-fold rotational symmetry. The two 14-mers are nearly identical to within model coordinate error, and their overall shape can be described as a conical frustum Ϸ65 Å in height, Ϸ68 Å across the apical L4 face (top), and Ϸ120 Å in outer diameter (Fig. 2a, 90°view) . The occluded surface area in the heptamer apic ⅐⅐⅐heptamer equa interface (21,486 Ϯ 44 Å 2 ) supports the significance of the SmAP3 14-mer; this extensive interface is largely formed by apolar contacts and hydrogen bonds between the interdigitated apical and equatorial C-terminal domains (Fig. 2a) . Pae SmAP3 monomers exhibit remarkable structural plasticity, One apical SmAP3 monomer is highlighted (orange), and non-protein atoms (Table 1) are displayed as space-filling models: acetate (green carbons), glycerol (gray carbons), Na ϩ (blue), and Cd 2ϩ (yellow, delimiting the Sm and C-terminal domains). Massive deviation of the 14-mer from D 7 point group symmetry is clear from the view orthogonal to the 7-fold axis, and from the differing Cd 2ϩ -binding sites in the apic and equa heptamers. A transparent molecular surface of the 14-mer, viewed down the apical face, illustrates that the C-terminal domains are largely responsible for the extensive heptamer apic-heptamerequa interface. (b) The equatorial face of the 14-mer is shown, colored by the electrostatic potential at the molecular surface (red ϭ Ϫ9.5 kT, blue ϭ ϩ10.5 kT); a gray line indicates the border of the Sm core of the equatorial L4 face (as in a). The intense negative potential across most of this face is found in other SmAPs and is likely to be important in controlling SmAP⅐⅐⅐RNA interactions.
as indicated by the assembly of a 14-mer from two heptamers that are in different conformations. The bipartite SmAP3 monomer consists of an N-terminal Sm domain (80-residues) augmented by a 60-residue C-terminal domain (Fig. 1) . The backbone of the Ϸ8-residue segment that links the Sm and C-terminal domains (Fig.  1, ⌬,) adopts one of two conformations ( Fig. 3a) : in the equatorial conformer, the ⌬, linker (centered on Asp
74
-Ser 75 -Thr 76 ) positions the CTDs nearly coplanar with the disk-shaped Sm core heptamer whereas, in the more compact apical conformer, the CTDs are angled by Ϸ30°toward the equatorial domain (with respect to a plane drawn through the apical Sm core heptamer; Fig.  2a ). The apical loop-L4 face effectively caps the 14-mer and breaks the dihedral point group symmetry seen in 14-mers of other Sm proteins (33) and 22-mers of trp RNA-binding attenuation protein (TRAP), another single-stranded RNA-binding protein (34) ; the 14-mer retains C 7 symmetry. Beyond the two ⌬, conformations, the hierarchic assembly mechanism of SmAP3 14-mers is unclear. For example, do apical heptamers assemble from preexisting apical SmAP3 monomers, or do mixed-conformation states exist, and undergo a cooperative transition to all-apical or all-equatorial heptamers? Heptamer apic 7 heptamer equa transitions may be modulated by differential divalent cation-binding in the Sm and C-terminal domains, as discussed below.
The Sm portion of Pae SmAP3 is nearly identical to the oligonucleotide͞oligosaccharide-binding fold of known Sm structures, whereas the CTD is atypical. Root mean square deviations (rmsd) for C ␣ positions between the Sm domain of SmAP3 and other Sm domains vary from 0.9 Å (against Pae SmAP1 and human Sm D3) to 1.5 Å [against Methanobacterium thermautotrophicum (Mth) SmAP1], with most of the variation found in loop L4 (Fig. 1) . The core Sm heptamer of SmAP3 and other Sm heptamers superimpose with similarly small rmsd. Aside from large-scale differences due to the variable ⌬, segment, minor structural variation within the ensemble of 28 independently refined SmAP3 monomers was analyzed via error-scaled difference distance matrices (31); notably, monomers can be grouped into heptamers correctly (i.e., as they occur in the structure), solely on the basis of pairwise rmsd. The mean rmsd for all pairwise alignments is slightly higher for the C-terminal domains (0.4 Å on all atoms) than the Sm domains (0.2 Å), consistent with their location on the periphery of the 14-mer and with crystallographic temperature factors. Overall structural features that are conserved between SmAP3 and other Sm proteins are: (i) the orientation of heptamers in the 14-mer (exposing the loop L4 faces) and (ii) the calculated electrostatic potential at the SmAP3 surface, which reveals a highly acidic L4 face (Fig. 2b) , as found for Mth (8) and Pae (10) SmAP1, and Afu SmAP2 (15) . The pronounced electrostatic asymmetries of SmAP surfaces may modulate putative SmAP⅐⅐⅐RNA interactions, e.g., by minimizing unproductive RNA-binding near the acidic loop L4 face.
A Partially Conserved Ligand-Binding Site. The SmAP3 14-mer surrounds a cylindrical pore that may form a single-stranded RNA (ssRNA)-binding site, similar to that found in other SmAPs. However, the geometric and chemical features of this partially conserved ligand-binding site distinguish SmAP3 from known Sm structures. In addition to being slightly more acidic than the highly cationic pores found in other SmAPs and Hfq (Fig. 2b) , the SmAP3 pore is slightly wider. The hourglassshaped pores that coincide with the 6-or 7-fold axis of NCS in other SmAPs vary in diameter from Ϸ6 Å (Afu SmAP2 hexamer) to Ϸ13 Å (Afu, Mth SmAP1 heptamers), whereas the SmAP3 pore is Ϸ15 Å wide at its narrowest point. Structures of Afu (9) and Mth (33) SmAP1 bound to oligouridine or UMP show that the uracil bases make several specific contacts to residues around the circum- Fig. 3 . SmAP3 14-mer assembly is mediated by differential divalent cation-binding in apical and equatorial subunits. (a) The SmAP3 14-mer binds Cd 2ϩ with a 1:1 stoichiometry, but binding sites differ in apical vs. equatorial heptamers. Ribbon diagrams are shown for a rigid-body superimposition of two adjacent SmAP3 apical subunits (P, Q) and two adjacent equatorial subunits (V, W), by using just the Sm core domain for least squares alignment (same coloring as Fig. 2) . The Sm-Sm interface (␤4 P/V⅐⅐⅐␤5Q/W, dotted line) and the location of the 7-fold axis͞pore are indicated (heptagon). Stick models are shown for the backbones of the conformationally variant linker (⌬, in Fig. 1 ) and the following Cd 2ϩ -chelating residues: His-39V (equa), Glu-15W (equa), His-39P (apic), and Glu-84Q (apic). Cd 2ϩ and waters are drawn as space-filling (apical, red; equatorial, blue). The distorted tetrahedral Cd 2ϩ -binding sites in apical (b) and equatorial (c) subunits are shown, along with 2F o Ϫ Fc (ϩ1.3, green), Fo Ϫ F c (Ϫ3.5, red; ϩ3.5, blue), and experimentally phased anomalous difference electron densities (⌬F ano, ϩ4.2, magenta). (d) The distribution of sedimentation coefficients for SmAP3 in the absence of divalent metal ion (5.3S, black) shifts to greater values on addition of 10 mM CdCl 2 (7.1S, blue) or ZnCl2 (13.0S, red). As discussed in the text, these increases are incompatible with shape-only changes in SmAP3 heptamers and are likely due to divalent cation-mediated assembly of 14-and 28-mers.
ference of the pore, the primary interaction being intercalation between a conserved histidine͞arginine pair (Fig. 1) (18) , and by the suspected intercalation of uracil between Tyr͞Arg in Afu SmAP2 (15) . Apparently, the conserved His 46 (Mth) residue of the SmAP1 subfamily is replaced by tyrosine in many SmAP2 proteins (Fig. 1) . No electron density was seen for uracil through the course of refinement, even though SmAP3 was crystallized in the presence of 10 mM UMP. But, this may be a result of the 14-mer assembly: the likely UMP-binding site lies on the opposite face of the heptamer from the highly acidic L4 face, and this face is occluded in the heptamer apic -heptamer equa interface.
SmAP3 Assembly and Cd 2؉ -Binding Sites. An unexplored feature of Sm proteins is their cofactor-or metal-binding properties. Crystallographic and biophysical characterization of Pae SmAP3 reveals that it binds to the divalent metal ions cadmium and zinc (Fig. 2a) , and that the mode of binding differs in the apical and equatorial conformers (Fig. 3a) . We discovered cadmium-binding fortuitously, as CdCl 2 was a required additive for the formation of high quality crystals (21) , and Cd 2ϩ sites were readily identified as prominent peaks in anomalous difference electron density. In terms of local structure, the binding sites are nearly identical in the equatorial and apical subunits (Fig. 3 b and c) : Cd 2ϩ is chelated in a distorted tetrahedral geometry by an imidazole nitrogen of histidine (N2), a glutamate oxygen, and two waters (consistent with the large enthalpy of dehydration of Cd 2ϩ ). However, apical and equatorial binding sites clearly differ in terms of global structure (Fig. 3a) : in the equatorial conformer, the glutamate is contributed by the Sm domain of an adjacent subunit (giving the Glu 15 ͞His 39 pair) whereas, in the apical binding site, glutamate is supplied by the C-terminal domain of an adjacent subunit (Glu 84 ͞His 39 pair). Both the apical and equatorial glutamates are conserved in the SmAP3 subfamily (Fig. 1) . As inferred from bond lengths, Cd 2ϩ may be bound more tightly in apical than in equatorial subunits (Fig. 3 b vs.  c) . However, the role of metal binding in causing (or resulting from) the conformational difference between apical and equatorial subunits is unclear, as is the relationship between metal binding and oligomerization.
The oligomeric state of Pae SmAP3 increases on binding to Cd 2ϩ and Zn 2ϩ in solution, as assayed by sedimentation velocity ultracentrifugation (Fig. 3d) . The sedimentation coefficient of apo-(SmAP3) n corresponds most closely to a heptamer (S 20,w ϭ 5.3S, n ϭ 7, 102.2-kDa heptamer), but is shifted to larger values in samples containing Cd 2ϩ (blue curve, Fig. 3d . All increases in SmAP3 sedimentation coefficients on metal-binding are too large to be accounted for by shape changes alone (e.g., a metal-induced shift from equatorial heptamers to the more compact apical conformer), suggesting that differential metal-binding modulates SmAP3 oligomerization in an ion-dependent manner.
Our results show that the following three aspects of SmAP3 assembly are interdependent: (i) divalent cation binding, (ii) conformational variation between apical and equatorial subunits, and (iii) distribution of oligomeric states. Along with recent data that suggest that the Hfq hexamer forms 12-mers (35) and that Pae and Mth SmAP1s form 14-mers (33), demonstration of higher-order Pae SmAP3 oligomers in solution supports the significance of the crystallographic SmAP 14-mer, although its biological function is unknown. Head-to-head stacking of heptamers may prevent their polymerization into fibers (33) . More likely, modulation of SmAP3 14-mer assembly via divalent metal binding may regulate RNA binding, because the putative ssRNA-binding site is distal to the exposed L4 face, and is occluded in the heptamer-heptamer interface.
Discussion
An unexpected feature of SmAP3 is the presence of a novel C-terminal domain. Compared with other SmAPs, the SmAP3 sequences are extended by nearly 70 C-terminal residues (Fig. 1) . Multiple sequence alignments based solely on sequence similarity suggest that half of these extra residues are in the Sm domain (in variable loop L4, Fig. 1 ), whereas the remainder form an unstructured C-terminal tail (as is thought for the longer human Sm B and D3 proteins). Instead, the Pae SmAP3 structure shows that these additional residues form a compact CTD in which two ␣-helices lie on one side of an antiparallel four-stranded ␤-sheet (Fig. 4) . Although other protein domains have similar ␣␤ 4 ␣ topologies (e.g., residues 160-224 of ribosomal elongation factor G), the following two criteria lead us to suggest that the SmAP3 CTD is a novel fold: (i) searches against protein structure databases (DALI; ref. (Fig. 4b ) form more extensive tertiary contacts than the nearly perpendicular helices of the yTBPc domain (Fig. 4c) . Although the sequences of the Sm domains of SmAP3s are highly variable, strong conservation of the three SmAP3 CTD sequences suggests that other SmAP3s are structurally similar to Pae SmAP3 (Fig. 1) . Similarly, the SmAP3 CTD may serve as a model for the 3D structure of Sm and Lsm proteins that are Ͼ100 residues, such as human SmB.
The SmAP3 structure shows that the highly conserved Sm module may be fused to other domains to obtain proteins with the potential for novel nucleic acid binding properties. Recent evidence suggests roles for SmAP1 in pre-tRNA processing (9) and DNAbinding (33) , but it is unclear how the CTD of SmAP3 would modify any such function. The primary function of this auxiliary domain may be biochemical (e.g., contacting nucleic acid) or structural (e.g., extending the acidic L4 face and stabilizing the 14-mer by adding Ͼ15,000 Å 2 of buried surface area to the 4,300-Å 2 portion of the heptamer-heptamer interface formed by just the Sm domains; Fig.  2 ). Several proteins with RNA-or DNA-binding functions contain mixed ␣͞␤ domains that either (i) have similar 3D structures as the SmAP3 CTD, but differ topologically, or (ii) have similar topologies, but differ in 3D structure (unpublished results). The recent structure of a heptameric voltage-gated mechanosensitive channel [E. coli MscS (38) ] shows that Sm-like domains may be used for physiological functions entirely unrelated to RNA metabolism.
By showing that it is an Sm protein, the Pae SmAP3 structure supports a gene duplication model for the evolution of modern, eukaryotic Sm proteins. Consistent with such a model, we find archaeal genomes encoding intermediate numbers of SmAPs (between 1 and 7 Sm ORFs): several genomes contain two SmAPs, and Pae, S. tokodaii, and S. solfataricus are the first examples of genomes with three SmAPs (Fig. 1) . Patterns of sequence similarity scores between SmAPs and details of their clustering into phylogenetic clades ( Fig. 1 and unpublished data) suggest that SmAP2 and SmAP3 paralogs arose by SmAP1 duplications, rather than horizontal gene transfer. The recently discovered eubacterial Lsm protein Hfq is thought to have evolved similarly (11) , although the evolutionary relationship between SmAPs and eubacterial Sm proteins is not obvious. Also unclear is the generality of the structural and metal-binding features of SmAP3: whether or not other Sm proteins bind to divalent metals and assemble into 14-mers. These results raise intriguing questions regarding the role of conformational flexibility and the novel C-terminal domain of SmAP3, the existence of similar domains in other (extended) Sm proteins, and possible cellular roles of divalent metal binding in mediating Sm⅐⅐⅐RNA interactions.
